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Evaluation of the micropuncture determination of single
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Evaluation of the micropuncture determination of single nephron
filtration fraction. Spontaneous and aspirated blood samples were
collected from the welling points of surface efferent arterioles in the rat
kidney. The amount of tubular reabsorbate in each sample was calculat-
ed from measurements of the inulin concentration in the sample and
systemic arterial plasma. Both spontaneous and aspirated samples
contained substantial amounts of tubular reabsorbate (4% 1% and
11% 1%, respectively). Accordingly, the single nephron filtration
fraction values derived from measurements of albumin concentrations
alone were significantly lower than those calculated considering the
addition of the amount of tubular reabsorbate in each sample (0.26
0.01 vs. 0.30 0.01 and 0.25 0.01 vs. 0.34 0.01 for the spontaneous
and aspirated samples, respectively). Increasing the rate of blood
collection from the welling point by aspiration was associated with a
significant decrease in the hydraulic pressure in the same vessel. The
efferent arteriolar blood samples were therefore probably contaminated
with tubular reabsorbate as a result of retrograde flow from the
peritubular capillaries. It was confirmed that single nephron filtration
fractions derived from hematocrit measurements were significantly
higher than those based on albumin concentration measurements,
supporting that the hematocrit of afferent arteriolar blood of the
superficial nephrons is higher than that of systemic arterial blood.
Evaluation de Ia determination par microponction de Ia fraction de
filtration néphromque individuelle. Des échantillons de sang spontanés
ou par aspiration ont étd collectés a partir de points d'emergence
d'artérioles efférentes superficielles dans du rein de rat. La quantite de
réabsorbat tubulaire dans chaque échantillon a été calculée a partir de
mesures de la concentration d'inuline dans l'échantillon et le plasma
artériel systémique. Les Cchantillons spontanés et aspires contenaient
des quantités substantielles de réabsorbat tubulaire (4% 1% et 11%
1%, respectivement). De Ia sorte, les valeurs de fraction de filtration
néphronique individuelle obtenues a partir des seules mesures de
concentrations d'albumine étaient significativement plus faibles que
celles calculées en prenant en compte en plus Ia quantite de réabsorbat
tubulaire dans chaque échantillon (0,26 0,01 contre 0,30 0,01 et
0,25 0,01 contre 0,34 0,01 dans les échantillons spontanés et
aspires, respectivement). L'augmentation du debit de collection san-
gum a partir du point d'emergence par aspiration était associée a une
diminution significative de Ia pression hydraulique dans le méme
vaisseau. Les dchantillons sanguins artériolaires efférents étaient de Ia
sorte probablement contaminés avec du réabsorbat tubulaire resultant
d'un flux retrograde a partir des capillaires peritubulaires. Ii a été
confirmé que les fractions de filtration nephronique individuelle obten-
ues avec des mesures de l'hématocrite étaient significativement plus
fortes que celles reposant sur des mesures de concentration d'albumine,
cc qui indique que l'hématocrite du sang artériolaire afférent des
néphrons superficiels est plus Clevé que celui du sang artériel
systemique.
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Glomerular filtration dynamics, to our knowledge, have been
investigated mainly in superficial nephrons [1]. Much attention
in these investigations has been focused on the phenomenon of
filtration equilibrium which occurs when the oncotic pressure of
the plasma proteins at the end of the glomerular capillary
reaches the same value as the hydraulic pressure difference
across the ultrafiltration membrane [1, 2]. This observation is
based on measurements of the protein concentration in plasma
obtained from the welling point of the efferent arteriole on the
renal surface. Experiments have shown that the inulin concen-
tration in efferent plasma is lower than the corresponding
systemic value which has been taken as evidence for the uptake
of tubular reabsorbate along the efferent arteriole [3]. Collection
of blood from the efferent arteriole will reduce the hydraulic
pressure at the collection site which could cause a retrograde
flow of blood from the peritubular capillaries. This would mimic
uptake of tubular reabsorbate in the efferent arteriole and
reduce the protein concentration in the collected plasma. Con-
sequently, the glomerular capillary filtration fraction is underes-
timated and the variance is increased [4]. These possible
sources of error should be considered in experiments on the
occurrence of filtration equilibrium of the glomerular ultrafiltra-
tion process [1, 2].
The correct filtration fraction can be determined experimen-
tally using two tracers simultaneously [5]. One tracer should be
vascular impermeable and the second freely filtrable across the
glomerular capillaries and subsequently not be transported
across the tubular epithelium. Measurement of the activity of
the second tracer in the collected efferent blood then makes it
possible to calculate the amount of tubular fluid reabsorbed in
the postglomerular microcirculation. Knowing this, the activity
of the vascular impermeable tracer at the end of the glomerular
capillaries can be calculated from the measured welling point
activity and the correct filtration fraction can thus be
determined.
The present study was made to determine the filtration
fraction of single superficial rat nephrons by collecting blood
from the efferent arteriolar welling points on the renal surface
using two simultaneous tracers. The effect of the rate of efferent
blood collection on the hydraulic pressure in the same welling
point was studied by means of a volume transducer and a
servonulling pressure measuring device [6]. The effect of collec-
tion rate on the amount of tubular reabsorbate added to the
collected plasma was investigated. In addition, the possibility of
intrarenal sequestration of erythrocytes [7] was studied by
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comparison of the filtration fractions determined both from the of FF using Eq. (6) will result in an underestimate with the
hematocrit and protein concentration in the samples. relative error, €:
Theory. Mass conservation of a tracer along the glomerular
Eq. (6) = Cw (I) CF (J) <CF (II) (7)capillaries and the efferent arteriole requires that: = 1 — ______ —
CAEq. (5) CF
CA QA = C (QA — SNGFR + ABS) + CF SNGFR (1) Using erythrocytes as a nonfiltrable tracer [101 gives in
where C denotes tracer concentrations and subscripts F, A, and analogy to Eq. (3):
W refer to glomerular ultrafiltrate, systemic arterial plasma, and
efferent plasma from the welling point, respectively. QA is the FF = 1 — 1
— l/Hctw (8)1 — 1/HctA
rate of afferent arteriolar plasma flow. SNGFR is the rate of
single nephron glomerular ultrafiltration, and ABS is the rate of
where Hct is the erythrocyte volume fraction. The apparenttubular fluid reabsorption in the postglomerular microcircula- hematocrit of the blood entering the afferent arteriole can betion. No net transport of tracer is assumed to occur across the
calculated by rearranging this equation and inserting the valuepostglomerular vascular walls or the tubular epithelium. Divi-
of FF calculated by Eq. (3):
sion by QA C and rearrangement of Eq. (1) gives:
A* (i
1 — 1/HctwHct = — ________AF = FF (1 — CF/Cw) — (1 — CA/Cw) (2) 1 — FF ) (9)
where the asterisk indicates the calculated value of afferent
where FF is the fraction of afferent arteriolar plasma flow that is arteriolar hematocrit. This equation is identical to the equations
ultrafiltered in the glomerulus and AF is the fraction reabsorbed given by Brenner and Galla [10] and by Jackson and Oken [4]
in the postglomerular microcirculation. apart from a printer's error [4]. If no intrarenal sequestration of
Provided both AF and CF are zero Eq. (2) reduces to the erythrocytes occurs, the afferent arteriolar hematocrit predict-
Bresler equation [8]: ed from Eq. (9) should be equal to the systemic arterial
hematocrit.
FF = 1 — CA/Cw (3)
Methods
which is usually employed for determination of FF using
nonfiltrable tracers [1, 2, 4]. A breeding nucleus of Wistar rats possessing surface glomer-
Provided AF is zero and the tracer is freely ultrafiltrable uli was obtained from Munich (strain WU, Ivanovas, Kisleg im
CF = CA/fw rearranging Eq. (2) gives the concentration ratio: Algau, Federal Republic of Germany). From the first descen-dent generation 38 male rats weighing between 195 and 482 gC
—
1 — FF/fw (mean weight, 305 g) were anesthetized with mactin (110 to 120
CA 1 — FF < 1 (4) mg/kg body wt, i.p.) and prepared for micropuncture of the left
kidney as described previously [11]. Briefly, each animal was
where fw is the plasma water fraction usually measured by placed on a heating pad and the trachea was cannulated.
refractometry [9]. Catheters were placed in the bladder, left ureter, femoral
If AF is not the zero calculation of the two unknown variables artery, and vein. The kidney was immobilized in a plastic cup
in Eq. (2), AF and FF, requires two tracers (I and II). and superfused by mineral oil at 37°C. Heparinized plasma
Eliminating AF from Eq. (2) then renders: obtained from littermates was infused (10 ml/hr/kg body wt for
45 mm during the preparation and 1.5 mI/hr/kg body wt for the
— remainder of the experiment) as described by Ichikawa et al
FF — Cw C [12].
After preparation each animal received 60 pCi/kg body wt ofCF (I) — (j0
'311-albumin (human serum albumin, IK21S, Kjeller A/S, Oslo,
Norway) and 2000 U/kg body wt of heparin intravenously
The error in predicting FF is minimized if (I) is freely filtrable administered in a volume of 0.2 to 0.5 ml of physiological saline.
and (II) completely restricted by the glomerular membrane. Simultaneously, infusion of 50 pCi/hr of '4C-inulin (CFA 399,
Accordingly, the substitution of CF(I) = CA(I)/fw and CF(II) = 0 Amersham Radiochemical Center, United Kingdom) in physio-
in Eq. (5) results in: logical saline was initiated at a rate of 1.2 mI/hr. Experiments
were started after a 1-hr equilibration period.
FF = fw (1 —
C(I) CA(II) " Proximal tubular fluid samples were obtained at the pre-
C(JI) CA(I)) (6) existing free flow pressure by collection into oil-filled micropi-
pettes (8 to 10 tm I.D.) as described previously [11]. To collect
which is identical to the expression given by Nissen [5]. Using blood from the efferent arteriole, a large peritubular capillary
radioactive tracers, the concentrations in Eq. (6) can be substi- was punctured by a siliconized pipette (12 to 14 jm I.D.) filled
tuted by the total activities thus eliminating the error in measur- with mineral oil. The tip of the pipette was then advanced into
ing small volumes, the welling point of the efferent arteriole [10] and the intravas-
If tracer (II) is not completely restricted from permeation cular localization was verified by injecting a few drops of
through the glomerular membrane, CF(II) > 0, the calculation mineral oil. Thirty-nine spontaneous samples were initiated by
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(10)
a single brief aspiration followed by a spontaneous flow of 0.0017 for the inulin and albumin tracers, respectively.
blood into the pipette. Twenty-nine aspirated samples were The equations and the procedures were tested by ultrafilter-
obtained by applying continuous or intermittent suction to the ing 5 ml of arterial plasma (CF 25 centriflo membrane cone,
collection system throughout the collection period. At the end Amicon, Lexington, Massachusetts). The filtration fraction
of each collection a slight amount of the collected blood was calculated by Eq. (3) using the protein concentrations (refrac-
reinjected into the welling point to verify the intravascular tometry) was 0.46. The filtration fraction calculated by Eq. (5)
localization of the pipette tip. The sample was discarded if a using the isotope counts in 5 ILl samples was 0.47 0.01 (SEM,
tubular or an interstitial fistula was found. To prevent subcap- N = 5). After adding 10% of water to the remnant plasma, the
sular bleeding, the pipette was then withdrawn very slowly and filtration fraction calculated with Eq. (5) was unchanged at 0.47
carefully to prevent fluid movements into the tip. Systemic 0.02 (SEM, N = 5) and the absorption fraction calculated with
arterial blood samples (75 ILl) were obtained at regular intervals Eq. (2) was 0.09 0.02 (SEM, N = 5).
from the femoral catheter, To calculate the low activity of 1311 in tubular fluid, the
The micropipettes were centrifuged (tip down) inside an oil- counts of all the background and tubular samples of each animal
filled hematocrit capillary closed by wax (Sigillum, Dansk were pooled in two groups. The difference in activity between
Laboratorieudstyr, Copenhagen, Denmark) to seal the tip open- the groups were corrected for the decay between successive
ing of the pipette during centrifugation. The volume fraction of countings. The tubular fluid activity was then taken to be the
erythrocytes in each microsample was then determined directly mean of these differences; the tracer concentration was calcu-
in the collection pipette by measuring the length of the erythro- lated from the total amount of tubular fluid collected in each
cyte column in the shank plus one third of the length in the cone animal. The range of variation coefficients was 3 to 484% with a
of the pipette. This method avoids transference of the sample to median value of 28%.
a microhematocrit capillary. It was validated by 23 microsam- In nine separate experiments the rate of collection of efferent
pies paired with macrosamples (75 d) in standard hematocrit blood was measured continuously by a volume transducer [6].
tubes (red tip, Dansk Laboratorieudstyr). The mean difference This was assembled by connecting the transducer to a micropi-
of the pairs was only 0.001 0.003 (sEM). The coefficients of pette (I.D., 14 ILm) filled by mercury. Mineral oil was then
variation were 0.1 to 0.9% and 1.5 to 4,2% for the macro- and drawn into the tip until the mercury column entered the
the micromethod, respectively, within the range of hematocrits constant bore of the transducer [6]. A welling point was
from 0.42 to 0.61. punctured and a spontaneous collection of blood into the
Each pipette was cut above the plasma-oil interphase after pipette was initiated as described above. The pressure at the
hematocrit was determined; the plasma was transferred to a cup same location was measured by a servonulling pressure measur-
(Teflon®) filled by silicone oil for volume measurements [13]. ing system (Model 4A, Instrumentation for Physiology and
Samples with a volume less than 100 nI were discarded, To Medicine, San Diego, California) using 2-ILm pipettes filled by 1
measure 1311-albumin activity, the remaining samples were M NaCl, 1% lissamine green [6, lii. The pressure pipette was
transferred to counting vials (3 ml polyethylene vials, Lumac, introduced into the same welling point very carefully through
Schalsberg, The Netherlands) containing 0.25 ml of distilled one of the remaining first order capillaries and a stable pressure
water and counted twice for 60 mm or 10,000 counts in a gamma trace was established. The rate of blood collection was then
spectrometer (Auto gamma scintillation spectrometer, Packard
model 5221, Packard Instruments Co., Downers Grove, Illi-
changed by altering the pressure in the aspiration system
connected to the volume transducer. Instantaneous changes in
nois). No correction for the decay of 131J activity (half-life 8.04 the pressure in the welling point followed alterations of the
days) during counting was performed because each efferent collection rate. The mean pressure was taken when the collec-
arteriolar sample was bracketed by a corresponding systemic tion rate had remained constant during sampling of at least 25 nl
plasma sample in duplicate (5 gd). To determine the activity of of efferent arteriolar blood. The volume transducer was cali-
'4C-inuiin, the vials were stored for approximately 8 weeks at brated after each experiment by a 50-jil microsyringe (Hamil-
—20°C to let the activity of 1311 decay below 1% of the inulin ton, Bonaduz, Switzerland) mounted on a pump (model 341,
activity. After storage the vials were allowed to stand overnight Sage Instruments Inc., Cambridge, Massachusetts).
at room temperature and 2.5 ml of scintillation fluid (Lumagel, Statistical analyses were made with the paired or unpaired
Lumac) was then added to each sample. The activity was Student's t test. The results are given as the means SEM. The
determined in a beta counter (Tri-carb liquid scintillation spec- sources of variation were determined by analysis of variance
trometer, Packard model 2405). The series contained standards
of '31I-albumin to correct for beta activity originating from
using a one-way random effects model [14]. The variance
between animals (rB2) was calculated from the mean sum
iodine, squares within (S2) and between animals (SB2):
To exclude preferential adsorption of one isotope to the
pipette wall, the procedures were validated by 18 pairs of
macro- (5 d) and microsamples (mean 273 nI, range 65 to 581 nl)
taken from arterial plasma and subsequently treated in a
manner identical to the experimental samples. The mean ratio
between the total activities of the two isotopes in the paired
2 2(SB — sw ) (k 1) N
N —
where k is the number of animals, n1 is the number of samples in
the ith animal and N is the total number of samples [14].
samples was 1.00 (variance = 0.0029, N = 18) which is not
significantly different from unity. This ratio is equivalent to the
ratio appearing in Eq. (6). The variances for the concentration Figure 1 gives the results of nine experiments showing that
ratios between the micro- and macrosamples were 0.0022 and increasing the rate of blood collection from the welling point of
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Fig. 1. Pressure in the welling point (Pw) plotted against the rate of
collection ofbloodfrom the same vessel. Successive values determined
by a volume transducer from each individual welling point are
connected.
the efferent arteriole by applying suction to the collection
system reduced the hydraulic pressure in the same vessel.
The mean superficial single nephron filtration fraction of the
pooled spontaneous and aspirated samples was calculated at
0.25 0.01 (N = 68) with Eq. (3) using only the concentrations
of iodinated albumin. The internephron heterogeneity was the
main source of variation since the variance within animals was
0.0039 while the variance between animals was 0.0010. Hence,
only 21% of the total variance was due to interanimal
heterogeneity.
In both the spontaneous (N = 39) and the aspirated (N = 29)
sample groups, the mean ratio between the inulin concentra-
tions in welling point plasma and systemic arterial plasma was
significantly lower than that predicted from Eq. (4) (Table 1).
The mean paired difference was larger for the aspirated than for
the spontaneous sample group being —0.11 0.01 (P < 0.001)
and —0.04 0.01 (P < 0.001), respectively. Accordingly, both
groups of samples contained a significant amount of inulin-free
tubular reabsorbate. To determine the correct filtration fraction
therefore requires the use of Eq. (6) that includes the amount of
tubular reabsorbate in the sample. The corrected filtration
fractions are shown in Figure 2 and Table 1. The variance of the
corrected filtration fraction within animals was 0.0048 whereas
the variance between animals was 0.0005; thus, only 10% of the
total variance was due to the variation between animals.
The concentration ratio of the iodine tracer in proximal
tubular fluid to systemic arterial plasma was 0.024 0.003.
Calculation of the single nephron filtration fraction with Eq. (5)
takes account of this small but highly significant amount of
tracer ultrafiltered in the glomerulus (Table 1). The mean paired
difference between the values calculated by Eqs. (5) and (6) was
only 0.005 0.001 (N = 68, P < 0.001), so the mean relative
error by using Eq. (6) instead of Eq. (5) was calculated (Eq. (7))
at only 1.5 0.2%.
Figure 3 shows that the single nephron filtration fraction
values derived from hematocrit measurements (Eq. (8)) were
significantly higher than those derived from albumin concentra-
tion measurements. The mean paired difference between the
values calculated with Eqs. (8) and (3) was 0.10 0.01 (N 68,
P < 0.001). Knowing the filtration fraction derived from albu-
min concentration measurements (Eq. (3)) and the efferent
arteriolar hematocrit, the afferent arteriolar hematocrit was
calculated with Eq. (9). The calculated mean value was 0.037
0.006 (N = 68, P < 0.001) higher than the systemic arterial
hematocrit of 0.450 0.004. This paired difference was similar
in the spontaneous and aspirated sample groups being 0.036
0.007 and 0.038 0.009, respectively.
Discussion
Recent studies have shown that the concentration of several
substances in plasma collected from the efferent arteriole differs
from the corresponding concentrations in systemic arterial
plasma [3]. This observation has been taken as evidence for
uptake of tubular reabsorbate along the course of the efferent
arteriole. The conventional method of determination of single
nephron filtration fraction by measurements of the protein
concentration in efferent arteriolar plasma [81 is not valid if the
proteins are diluted by tubular reabsorbate at the point of
collection of postglomerular blood [31.
A method has been designed previously to circumvent this
problem by using two tracers simultaneously for determination
of both the filtration fraction and the fraction of fluid reabsorbed
in the postglomerular microcirculation [5]. In the glomerular
capillaries one tracer (albumin) should be restricted completely
from passage across the filtration membrane, whereas the
second tracer (inulin) should be freely filtrable. The inulin
tracer monitors the reabsorption that occurs past the glomeru-
lus so that the concentration of albumin at the glomerular
capillary end can be corrected accordingly. Ideally, the two
tracers should not be transported across the postglomerular
vascular membranes or the tubular epithelium. The requirement
of mass conservation of the tracers is fulfilled in the renal
circulation since only negligible amounts of tracers are lost via
the renal lymphatic vessels [15].
Only a negligible fraction of the albumin tracer is filtered in
the glomerulus so almost the same filtration fraction is calculat-
ed with Eq. (6) using measurements of the activity ratios as with
the more correct Eq. (5) requiring measurements of the absolute
concentrations of each tracer. The in vitro tests show that the
present method of determining the filtration fraction is accurate
and that the recovery by processing the microsamples is 100%.
Its main disadvantage is the delay in the counting procedure. To
overcome this delay two iodine gamma emitters could be used
with iothalamate as the filtrable tracer. Health reasons exclude
this possibility because of the large amounts of tracers needed
for micropuncture experiments. Alternatively, a high energy
protein bound beta emitter in combination with 3H-inulin would
be preferable. To our knowledge, such a tracer is not available.
The filtration fraction may also be determined by simultaneous
measurements of single nephron clearances of '4C-inulin and
3H-PAH by quantitative collection of distal tubular fluid. This
method requires knowledge of the single nephron extraction
fraction of PAH which cannot be determined simultaneously
with radioactive tracers.
After correction of the filtration fraction, the main source of
variation of the filtration fraction is caused by variation within
the nephron population in a given animal. This variance com-
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Table 1. Mean values SEM of the welling point plasma to arterial plasma inulin concentration ratio (Cw/CA) assuming no addition of tubular
reabsorbate (Eq. 4, Theory section) and the experimental observation (OBS)a
Mode of
collection N
CW/CA
Eq. (4)
CW/CA
OBS
AF
Eq. (2)
FF
Eq. (3)
FF
Eq. (5)
FF
Eq. (6)
Spontaneous
Aspiration
P value
39
29
0.978
0.974
NS
0.935
0.868
<0.001
0.032
0.081
<0.001
0.26
0.25
NS
0.30
0.34
<0.02
0.29
0.33
<0.02
Single nephron reabsorption fraction (AF) and glomerular filtration fractions (FF) were calculated solely from the albumin concentration ratio
(Eq. 3, Theory section), from albumin and inulin concentrations (Eq. 5, Theory section), and from the ratio of albumin and inulin activities (Eq. 6,
Theory section).
0.52
prises a biological internephron heterogeneity and a method-
ological variability. It is not possible to separate clearly be-
tween these two sources of variance in the present study as only
single punctures and single determinations were performed on
the experimental microsamples. The in vitro study designed to
assess methodological variability associated with the process-
ing of the microsamples shows that about half of the variance
within animals can be ascribed to the methods.
The experimental results confirm that the inulin concentra-
tion in efferent arteriolar plasma collected from the welling
point has a lower inulin concentration than expected from the
corresponding value in systemic arterial plasma [3] even after
the correction for increased contents of solids in efferent plasma
(Eq. (4)) has been made. This observation indicates the addition
of inulin-free tubular reabsorbate to the sample which could be
the result of tubular reabsorbate uptake through the efferent
arteriolar wall or be caused by retrograde flow from the
peritubular capillary network. The former explanation appears
very unlikely since the maximal amount of fluid uptake along
the efferent arteriole can be estimated from the product of the
transvascular driving pressures, efferent arteriolar surface area,
and hydraulic permeability as follows: The oncotic pressure
minus the hydraulic pressure difference maximally would be
about 25 mm Hg [16], the efferent arteriolar surface 0.16 x l0-
cm2 (assuming a diameter of 20 m and a length of 250 sm), and
the hydraulic permeability probably not exceeding the value
found for the peritubular capillary of 10'o cm/sec/mm Hg [17].
The total amount of reabsorbate would accordingly be 4 p1/sec
which is several orders of magnitude below the plasma flow
through the efferent arteriole of about 2 nI/sec [1, 2, 10, 11, 16].
The second explanation of retrograde flow from the peritubu-
lar capillaries seems more likely since a model simulation of the
glomerulus [18] has shown that a decrease in the hydraulic
pressure in the efferent arteriole has only a small effect on the
rate of glomerular blood flow. Accordingly, the very large
collection rates associated with aspirated samples (Fig. I) are
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Fig. 2. Filtration fraction calculated from Eq. (6) (FF corrected) plotted
against the filtration fraction calculated from Eq. (3) (FF uncorrected).
The line of identity is indicated. Circles and triangles show values for
spontaneous and aspirated samples, respectively.
0.04 0.12 0.20 0.28 0.36 0.44 0.52
FF protein
Fig. 3. Filtration fraction calculated from Eq. (8) (FF hematocrit)
plotted against the filtration fraction calculated from Eq. (3) (FF
protein). The line of identity is indicated. Circles and triangles show
values for spontaneous and aspirated samples, respectively.
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most likely caused by retrograde flow from adjacent nephrons
due to reversal of the hydraulic pressure gradient along the
communicating network of peritubular capillaries. This expla-
nation accounts for the lower inulin concentration in aspirated
samples due to the addition of inulin-free tubular reabsorbate to
the peritubular capillary blood. Also, in samples collected
spontaneously, there is a slight but significant alteration of
inulin concentration, possibly due to retrograde flow that would
go unnoticed visually if it occurred in branches from the efferent
arteriole beneath the renal surface [10]. This explanation ap-
pears unlikely since it requires reversal of the pressure gradient
that should also cause retrograde flow in the superficial capillar-
ies. Alternatively, it is possible that the puncture of the efferent
arteriole causes a local increase of the hydraulic permeability.
The observation of increased corrected filtration fraction in
the group of aspirated samples is surprising since model calcula-
tions [18] show that a decrease of the peritubular capillary
pressure will cause a decrease of the filtration fraction mainly as
a result of a decreased glomerular capillary pressure. It is
conceivable that the collapse of the capillaries and efferent
arteriole observed during aspiration, which agrees with previ-
ous observations of the peritubular capillaries being highly
elastic [19], may result in an increase of the efferent resistance.
This would prevent the glomerular capillary pressure from
falling. The decrease of peritubular capillary pressure increases
the rate of tubular reabsorption [16], which has been shown in a
recent model study [20] to decrease intratubular pressure and
consequently increase the filtration fraction.
The hematocrit measurements have been used previously to
determine the filtration fraction of superficial rat nephrons [4,
10]. The present experiments agree with these studies showing
that the filtration fraction values based on hematocrit measure-
ments can exceed those derived from protein concentration
measurements as observed in isovolemic plasma-exchanged
rats [101 and hydropenic rats [4]. This observation can be
explained by plasma skimming in the deep part of the interlobu-
lar artery [7] causing an increased hematocrit of blood flowing
to the afferent arterioles of superficial nephrons. Plasma skim-
ming does not occur at the tip of the collecting pipette since the
hematocrit values measured by the micro- and the macro-
method were identical, which agrees with a previous study [10].
It is unlikely that sequestration of erythrocytes occurs in the
postglomerular microcirculation by preferential collection of
erythrocytes following the fastest flow [21] since the same
difference between apparent afferent arteriolar hematocrit and
systemic arterial hematocrit was obtained by different collec-
tion rates. Accordingly, the sequestration of erythrocytes must
occur by skimming the plasma along the interlobular artery.
This conclusion is substantiated by observations of a smaller
number of erythrocytes in blood collected from vasae rectae in
the exposed papilla than in the corresponding systemic blood
[22].
In summary, our results show that measurements of the
filtration fraction of superficial nephrons are subject to artifacts
which must be considered in studies on the occurrence of
filtration equilibrium.
Acknowledgment
The experiments were supported by Landsforeningen for Sukkersyge
and the Madsen Foundation. N. Rasmussen and B. Aavad provided
technical assistance.
Reprint requests to Dr. P. K. Jensen, Medical Physiology Depart-
ment A, The Panum Institute, Blegdamsvej3, DK-2200 Copenhagen N.
Denmark
References
I. BRENNER BM, TROY JL, DAUGHARTY TM: The dynamics of
glomerular ultrafiltration in the rat. J Clin Invest 50:1776—1780,
1971
2. ARENDSFIORST WJ, GOTTSCHALK CW: Glomerular ultrafiltration
dynamics: Euvolemic and plasma volume-expanded rats. Am J
Physiol 239:F171—F176, 1980
3. WEINSTEIN SW, BANK N, KLOSE R, Sziwicz J: Effects of tubular
reabsorbate on efferent vessel plasma composition. Am J Physiol
236:F119—Fl25, 1979
4. JACKSON B, OKEN DE: Internephron heterogeneity of filtration
fraction and disparity between protein- and hematocrit-derived
values. Kidney mt 21:309—3 15, 1982
5. NISSEN 01: Filtration fractions of plasma supplying the superficial
and deep venous drainage area of the cat kidney. Acta Physiol
Scand 68:275—285, 1966
6. JENSEN PK: Continuous measurement of flow rate and volume in
the nanoliter range. Acta Physiol Scand 106:5—9, 1979
7. PAPPENHEIMER JR, KINTER WB: Hematocrit of blood within
mammalian kidney and its significance for renal hemodynamics.
Am J Physiol 185:377—390, 1956
8. BRESLER EH: The problem of the volume component of body fluid
homeostasis. Am J Med Sci 232:93—104, 1958
9. NOLPH KD, MAHER JF: Calculation of glomerular solute filtration
rate. Nephron 9:5—9, 1972
10. BRENNER BM, GALLA JH: Influence of postglomerular hematocrit
and protein concentration on rat nephron fluid transfer. Am J
Physiol 220:148—161, 1971
11. JENSEN PK, CHRISTIANSEN JS, STEVEN K, PARVING HH: Renal
function in streptozotocin-diabetic rats. Diabetologia 21:409—414,
1981
12. ICHIKAWA I, MADDOX DA, C0GAN MG, BRENNER BM: Dynamics
of glomerular ultrafiltration in euvolemic Munich Wistar rats. Renal
Physiol 1:121—131, 1978
13. HELLMAN B, ULFENDAHL HR, WALLIN BG: Microphotometry
utilizing a shrinking droplet technique. Anal Biochem 18:434—443,
1967
14. ARMITAGE P: Statistical methods in medical research. Oxford,
London, Edinburgh, and Melbourne, Blackwell, 1971, pp. 198—202
15. O'MORCI-IOE CCC, O'MORCHOE PJ, DONATI EJ: Comparison of
hilar and capsular renal lymph. Am J Physiol 229:416—42!, 1975
16. ICHIKAWA I, BRENNER BM: Importance of efferent arteriolar
vascular tone in regulation of proximal tubule fluid reabsorption
and glomerulotubular balance in the rat. J Clin Invest 65:1192—1201,
1980
17. DEEN WM, ROBERTSON CR, BRENNER BM: Brief reviews. Trans-
capillary fluid exchange in the renal cortex. Circ Res 33:1—8, 1973
18. STEVEN K, STROBAEK S: Renal corpuscular hydrodynamics: Digi-
tal computer simulation. Pfluegers Arch 348:317—331, 1974
19. JENSEN PK, STEVEN K: Influence of intratubular pressure on
proximal tubular compliance and capillary diameter in the rat
kidney. Pfluegers Arch 382:179—187, 1979
20. JENSEN PK, CHRISTENSEN 0, STEVEN K: A mathematical model of
fluid transport in the kidney. Acta Physiol Scand 112:373—385, 1981
21. JOHNSON PC: Red cell separation in the mesenteric capillary
network. AmJPhysiol22l:99—104, 1971
22. ULLRICH KJ, PEHLING G, STOCKLE H: Hamoglobinkonzentration,
Erythrocytenzahl und Hamotocrit im Vasa recta-Blut. Pfluegers
Arch 273:573—578, 1961
